ions. However, issues related to tar formation inhibits the establishment of reliable systems. Tar clogs the gasifier outlet and can damage engines and turbines used for power generation by condensing and coking on the walls. Understanding the chemistry involved in biomass gasification provides insights into the development of tar-free clean gasification that maintains high efficiency. This paper focuses on the gas-phase secondary reactions mechanisms of the volatile intermediates during the gasification of cellulose, the major constituent of lignocellulosic biomass. Biomass gasification proceeds as a two-stage process, in which the volatiles and solid char intermediates are gasified in a secondary reaction stage. Cellulose produces relatively large amounts of the volatile intermediates compared with that of the other constituents, hemicellulose and lignin. Thus, the gas-phase secondary reaction stage is important in the gasification of cellulose. Levoglucosan (1,6-anhydro-β-D-glucopyranose, LG) is a major volatile intermediate of a high yield (up to around 70%) from cellulose pyrolysis [1, 2] .
Although many papers describe the pyrolysis of cellulose, studies of the gas-phase secondary reaction stage of the volatile intermediates have been limited [3] [4] [5] [6] [7] [8] . Evans and Milne [4] studied gas-phase conversions during the pyrolysis of biomass-consisting polymers including cellulose using a two-stage pyrolyzer directly coupled with a molecular-beam mass spectrometric (MS) analyzer. They estimated the formation of aromatic species including furan, benzene, toluene and phenol along with CO and CO 2 from the MS data. With a similar system, Shin et al. [5] compared the gas-phase reactions of LG, 5-hydroxymethyl furfural (5-HMF) and hydroxyacetone as cellulose-derived volatile intermediates. Li et al. [6] analyzed CO, CO 2 , H 2 O, CH 4 , C 2 H 4 and formaldehyde using real-time evolved gas analysis by infrared (IR) spectrometry instead of MS. However, because of restrictions in the experimental apparatus, these studies use only MS or IR data of the pyrolysis mixtures for product identification.
Morf et al. [7] developed two-stage pyrolysis equipment to recover the tar and gaseous products from the gas-phase secondary reactions during biomass gasification. They reported the tar yield decreasing linearly with an increase in the temperature from 600 to 900 °C, along with the yields of some tar components including hydroxyacetone and acetic acid, which started to decrease around 600 and 900 °C, respectively. Furthermore, Norinaga et al. [8] determined 25 products including gas and tar components by the direct analysis of the mixtures using gas chromatography (GC), although the products from the char pyrolysis are also included in the product stream.
The research group of the authors has focused on the reactivity of LG, as an intermediate, and the pyrolysis reactions of carbohydrates, including LG, are different in the gas and liquid phases [9, 10] . In the liquid (molten) state, LG polymerizes around > 250 °C along with dehydration into furans and char (coke), whereas LG is stable up to around 500 °C in the gas phase and selectively fragments into C1-C3 aldehydes and ketones [10] . Intermolecular hydrogen bonding acting as an acid catalyst has been proposed to explain the enhanced transglycosylation (polymerization) and dehydration reactivities in the liquid phase [11] [12] [13] [14] .
Fukutome et al. [10] reported the details of pyrolytic reactions of the gaseous LG by the careful control of the evaporator conditions to prevent liquid-phase reactions. They also proposed molecular mechanisms, in which radical chain reactions contribute greatly, from the kinetic analysis data [15] and the gas-phase reactions of model compounds [16, 17] including polyalcohols such as glycerol and glyceraldehyde/1,3-dihydroxyacetone. Further discussion with the results of theoretical investigations [15] suggest that heterolysis reactions of the gaseous LG are limited because of the strain of the bicyclic ring, compared with simple polyalcohols. One type of cyclic Grob fragmentation with the calculated activation energy (E a ) of 57.3 kcal mol −1 may be involved in the gas-phase heterolysis of LG. Developing these lines of information, the roles of LG gas-phase reactions as the intermediate on cellulose gasification can be discussed in depth.
In this paper, the gas-phase reactions of cellulose-derived volatiles formed at temperatures lower than 500 °C are studied in the temperature range up to 900 °C using a two-stage experimental setup containing primary pyrolysis and gas-phase secondary reaction zones. Similar investigations are conducted for LG, which included liquid-phase reactions competing with direct evaporation. The results are compared with previous results of the pyrolysis of gaseous LG. Effects of oxygen are discussed to understand the cellulose gasification under partial oxidation conditions.
EXPERIMENTAL
The reagents used for the pyrolysis trials were purchased from the following companies: cellulose (Avicel PH-101) from Aldrich (Saint Louis, MO, USA); levoglucosan from Carbosynth Ltd. (Berkshire, UK). These chemicals were used as received without further purification. The water content of the cellulose sample was around 8 wt.%.
Two-stage tubular reactor
The two-stage tubular reactor ( Figure 1 ) was composed of two cylindrical electric furnaces (internal diameter: 35 mm, length: 160 mm, Asahi Rika Seisakusho Co., Ltd.), which served for primary pyrolysis of cellulose or LG and secondary reactions of the volatile intermediates, respectively. Each furnace included a quartz glass tube (internal diameter: 15 mm, wall thickness: 1.5 mm), and these tubes were connected. The right end of the reactor was divided into 2 branches, one of which was attached to a nitrogen cylinder through a mass flow controller (Horiba SEC--400MK3), and the other one was attached to an air pump through a mass flow controller (Horiba SEC--400MK3). A soda lime column was used to remove the CO 2 in air. During the trials under inert conditions, the end was only connected to an N 2 cylinder. The left end of the quartz glass tube was connected to a gas wash bottle through a glass-wool filter and then to a gas bag. The air flow was supplied to the outer part of the tube from the pyrolyzer to quench the pyrolysis reactions. The gas wash bottle held a dimethylsulfoxide (DMSO-d 6 ) solution (2.0 mL) containing an oximation reagent (NH 2 OH·HCl, 20 mg) to recover volatile products.
Pyrolysis
In preparation for the pyrolysis trials, a sample (15 mg) in a ceramic boat was inserted into the middle of the primary pyrolysis zone. A nitrogen flow (400 mL min -1 ) was supplied for 30 min before each pyrolysis reaction to sweep out the air inside the reactor. The secondary reaction zone was preheated at a designated temperature (400, 500, 600, or 900 °C). After preheating the primary pyrolysis zone at 150 °C for 30 min, the temperature was raised up to 500 °C at 70 °C min -1 and then held at 500 °C for 2 min. Then, the quartz glass tube in the primary pyrolysis zone was cooled by opening the furnace cover and subsequently applying an air flow. The nitrogen flow was maintained for the additional 2 min to sweep any residual products into the gas wash bottle and gas bag.
The residence time for the secondary reactions of the volatile intermediates was defined as the period over which the volatiles were present in the region of the reactor with temperatures within ±25 °C of the set value. The internal temperature profiles of the primary pyrolysis and secondary reaction zones were obtained for each set temperature through direct measurement during preliminary control trials conducted without the addition of the sample. A constant nitrogen flow of 400 mL min -1 was supplied during each experimental trial under inert conditions, while a constant nitrogen flow of 250 mL min -1 and air flow 150 mL min -1 for O 2 /N 2 conditions. The residence time changed depending on the temperature of the secondary reaction zone, which was 1.4, 1.2, 1.1, and 0.8 s at 400, 500, 600, and 900 °C, respectively. These are close to the residence times estimated for actual biomass gasification. The pressure inside the reactor was measured and was equal to the atmospheric pressure.
Product analysis
The condensates on the interior wall of the reactor tube and in the line between the reactor and the gas wash bottle were removed by rinsing with the solution in the gas wash bottle (DMSO-d 6 , 2.0 mL) containing an oximation reagent (NH 2 OH·HCl), where the aldehydes and ketones were converted into the corresponding less volatile aldoximes and ketoximes (both cis and trans isomers). The resulting solution was analyzed directly by means of 1 H NMR spectroscopy using a Bruker AC-400 (400 MHz) spectrometer following the addition of 2-furancarboxylic acid as an internal standard. The products and any unreacted sample were quantified from the peak areas of the NMR spectroscopy signals compared with those of the internal standard.
Noncondensable gases were analyzed using a micro GC instrument (Varian CP-4900) under the following chromatographic conditions: channel (1) column: MS5 A (10 m); carrier gas: Ar; column temperature: 100 °C; column pressure: 170 kPa; detector: thermal conductivity detector (TCD); retention times (s): H 2 (26.4) .2), 1,3-butadiene (7.5), and methyl acetylene (7.6).
RESULTS AND DISCUSSION
The 1 H-NMR spectra obtained from the pyrolysis/gasification of cellulose-derived volatiles at 400, 500, 600 and 900 °C under N 2 or 7% O 2 /N 2 flow are shown in Figure 2 . The volatile products were formed from the cellulose pyrolysis occurring in the primary pyrolysis zone during the heating process from 150 to 500 °C at a rate of 70 °C/min, because cellulose is reported to degrade effectively in the temperature range between 350 (slow heating condition) and 450 °C (fast heating condition) [18] . The results obtained at the second-stage temperature of 400 °C represent the primary pyrolysis of cellulose. Most of the signals in the spectra were assigned to the aldehydes/ketones as their oxime derivatives and the signals of LG and 1,6-anhydro-β-D-glucofuranose (AGF). The identification of these products is described in detail in a previous paper on the pyrolysis of gaseous LG [10] . In addition, the signals of benzene and methanol were observed in the spectra obtained under N 2 and 7% O 2 /N 2 flow, respectively, both of which are not produced from gaseous LG.
The yields of the products from cellulose and LG pyrolyses determined from the NMR and gas analyses are summarized in Figure 3 . The pyrolysis of LG created solid carbonized product (char) in the primary pyrolysis zone, which indicates that liquid-phase pyrolysis reactions (polymerization and dehydration) com- pete with the direct evaporation of LG at its boiling point of 385 °C [18] . Thus, the liquid-phase reactions can be included in the present pyrolysis of LG. The yields of the condensable volatile products as plotted against the second-stage temperature and previous data of the pyrolysis of gaseous LG [10] are shown in Figure 4 .
Primary pyrolysis
Primary pyrolysis reactions of cellulose can be discussed with the results at the second-stage temperature of 400 °C. The LG yield from cellulose was high as 69.3% (C-based) under N 2 , which confirms LG as the major volatile intermediate during cellulose gasification. This situation did not change under 7% O 2 /N 2 flow (LG yield: 52.6%, C-based). Thus, LG remains an important intermediate even in the presence of oxygen. The small influence of oxygen is explained by the extensive volatile formation during the primary pyrolysis stage, which inhibits the attack of oxygen to cellulose, as indicated in the literature [19, 20] .
The pyrolysis of LG exhibited similar results at 400 °C to those of cellulose. Some LG in the primary pyrolysis zone may polymerize into polysaccharides before evaporation; hence, volatile formation behaviors can be similar to those of polysaccharide pyrolysis. The most striking difference from the pyrolysis of gaseous LG is the formation of AGF and aromatic substances, furans (furfural and 5-HMF) and benzene ( Figure 4) . Because the formation of these compounds is completely inhibited in the pyrolysis of gaseous LG [10] , these products may form in the liquid-phase pyrolysis of LG. Although the literature [4, 8] reported the other benzene derivatives such as toluene, naphthalene and phenol, the NMR and GC--MS analyses in the present study using standard compounds refuted the formation of these products.
Furans and AGF have five-membered rings; therefore, the ring-inversion from pyranose (6-membered ring) is necessary for their formation. Because the reducing sugar, which can adopt the chain structure, makes this conversion probable, the role of the reducing sugar moiety has been indicated for the formation of furans and AGF [21, 22] . This proposal is supported by the experimental results, because the yields of furans and ANF decrease in the order of glucose > cellobiose > cellulose [21] . AGF can form via the glucose chain structure through re-cyclization into the furanose isomer. This conversion occurs in the liquid phase, because any conversion from LG to AGF is observed in the gas-phase conversion of LG [10] . Recent literature [23, 24] supports the inclusion of the reducing sugars such as glucose during cellulose pyrolysis and reports hydrolysis reactions proceeding during cellulose pyrolysis under normal pressure conditions. The role of furans as intermediates for the conversion of cellulose to char has been reported by Pastorova et al. [25] , using pyrolysis-GC analyses of preheated cellulose samples, where the products depend on the pretreatment temperature: anhydrosugars (< 250 °C) → furans → benzenes (> 350 °C). The conversion, furans → benzenes, was extensively studied for the hydrothermal carbonization of reducing sugars using solid-state NMR [26] [27] [28] . These findings indicate that the benzene obtained at 400 °C forms via furans (furfural and 5-HMF) produced from the liquid-phase primary pyrolysis of LG and cellulose. Although heterolytic dehydrations of simple polyalcohols proceed at high temperatures > 500-600 °C in the gas phase [16] , the dehydration of glyceraldehyde (an aldose) can occur at 400 °C through highly reactive dehydrations via the cyclic transition states of enol intermediates [17] . A similar dehydration mechanism has been proposed for the glucose dehydration into 5-HMF and furfural via 3-deoxyglucosone [29, 30] .
Gas-phase secondary reactions
The pyrolysis products changed by increasing the second-stage temperature (Figures 3 and 4) , which indicates the conversion of the volatile intermediates into the noncondensable gases. The contribution of the gas formation from the char intermediates is minor because the temperature of the primary pyrolyzer (500 °C) is insufficient for the gasification of char and the heating period of char fraction is only 2 min after reaching 500 °C. The changes in Second-stage temperature / °C Figure 4 . Change in the composition of the condensable products from cellulose, levoglucosan by increasing the second-stage temperature from 400 to 900 °C under N 2 , 7% O 2 /N 2 flow (primary pyrolyzer: 500 °C), along with previous results using gaseous levoglucosan [10] .
the compositions of the noncondensable gases are summarized in Figures 5 and 6 . Under N 2 flow, the conversion from the volatiles to gases started at 600 °C and completed at 900 °C for both cellulose and LG. CO was the major gas component along with the smaller amounts of H 2 , CO 2 , unsaturated hydrocarbons (ethylene and acetylene) and methane ( Figure 5 ). These results are concordant with those of the pyrolysis of gaseous LG in a previous study [10] . This indicates that the influences of the products from the liquid-phase pyrolysis on the LG reactivity are minor. Furthermore, the behaviors during the pyrolysis of cellulose and LG were similar to those of the gaseous LG, although the influences of the oxygen were more significant as discussed below.
Fifteen volatile intermediates were detected as condensable products (Figure 4 ), which include C3 (hydroxyacetone, acetone, acrolein and methylglyoxal), C2 [glycolaldehyde, glyoxal, acetaldehyde, acetic acid (AcOH) and ketene] and C1 (formaldehyde, formic acid and methanol (MeOH)) compounds along with the aromatics [5-HMF, furfural and benzene]. Most of these intermediates disappeared at 900 °C, except for benzene, AcOH, ketene and MeOH (0.7 and 0.4%, C-based, in total for cellulose and LG pyrolyses, respectively). Among them, benzene was predominant (74.6 and 55.4% for cellulose and LG pyrolyses, respectively). These compounds, particularly benzene, can be important final tar components of N 2 cellulose pyrolysis.
Some unsaturated C4 hydrocarbons were identified as noncondensable gases, including 1,3-butadiene, 1-butene, cis/trans-2-butene and isobutene ( Figure 6 ). These compounds were determined in the present study from the pyrolysis of gaseous LG. These compounds have been discussed using the secondary reactions of furanic compounds [31, 32] , which showed benzene and its derivatives subsequently. A large amount of 1,3-butadiene was detected along with methyl acetylene and other minor products (benzene, AcOH, formaldehyde, formic acid and MeOH) from the gas-phase pyrolysis of furfural at temperatures of 60 °C for the primary pyrolyzer (evaporator) and 900 °C for the second-stage pyrolyzer. However, the benzene yield was only 5% (C--based). Furthermore, furans and benzene were not produced from gaseous LG [10] , although 1,3-butadiene and 1-butene were observed. These results indicate that the benzene formation via these C4 compounds is not important in the gas phase. The other formation mechanisms including the volatiles from the liquid-phase pyrolysis may be involved for the pyrolyses of cellulose and LG, because the benzene yields increased between 600 and 900 °C (Figure 4) . The oxygen in the N 2 flow changed these gasphase conversions. The influence was minor for the pyrolysis of LG at 400 and 500 °C, but greater for that of cellulose (Figure 3) . At 600 °C, both cellulose and LG were almost completely gasified. Therefore, oxygen accelerates the fragmentation of LG and other volatile intermediates into gaseous products. Synergetic effects of O 2 and volatiles from cellulose can enhance the acceleration effects, even at temperatures such as 400-500 °C, although the details of these effects are unknown presently.
The oxygen in the flow altered the compositions of the tar/gas fractions. Although benzene remained even at 900 °C under N 2 flow (Figures 2 and 4) , the inclusion of O 2 completely decomposed benzene, but increased the MeOH yields at 900 °C. Therefore, the final tar composition at 900 °C changed to MeOH (0.2% (cellulose) and 0.02% (LG), C-based) along with smaller amounts of AcOH and acetone.
For the gaseous components ( Figures 5 and 6 ), the contents of unsaturated hydrocarbons from cellulose and LG pyrolyses decreased dramatically in the presence of oxygen from 15.3 to 2.8% and from 16.8 to 0.6% (C-based on noncondensable gas), respectively, at 600 °C, where gasification completed. The methane yields also decreased, but less effectively. At 900 °C, CO 2 became predominant by complete oxidation.
These influences of O 2 can be discussed with a biradical mechanism. A previous study [15] suggested that the radical chain mechanisms are important for the gas-phase fragmentation of LG. Therefore, the addition of radical species such as O 2 (biracial) accelerates fragmentation reactions. Radicals add to the unsaturated C=C and C≡C to form oxygenated structures [33] , which converts the unsaturated hydro- 
Molecular mechanisms of cellulose gasification
Building on the literature information, the molecular mechanisms of cellulose gasification are proposed as illustrated in Figure 7 , which included solid/liquid-and gas-phase conversions.
Cellulose has a heterogeneous layered structure [34] [35] [36] , containing cellulose microfibrils (crystallites) aggregating into larger components, and reducing end groups. Therefore, the cellulose pyrolysis proceeds heterogeneously. From the X-ray analysis during the pyrolysis [37] , cellulose crystallites degrade from a direction orthogonal to the fiber axis, whereas the molecules inside the crystallites are stable. Roles of the quite reactive reducing ends, which exist at the one crystallite end, have been suggested to accelerate cellulose pyrolysis, because hydrolysis forms additional reducing ends [38] .
Large amounts of LG and AGF are produced by the transglycosylation reactions and evaporated into the gas phase. AGF may be formed via the reducing sugars. However, dehydration and fragmentation reactions proceed for the reducing sugars, which generate furans, benzene, fragments, water and other products into the gas phase. All the intermediates degrade in the gas phase, but the remaining reactive tar components have been reported to convert into coke after condensing on the wall [39] . LG, glycolaldehyde, furfural and 5-HMF have been suggested to contribute to these coking reactions [40] .
The results of the present investigations provide the information for the gas-phase conversions as summarized in the following conclusions. 2) The volatile intermediates, including LG, are stable at 400 and 500 °C under N 2 flow, whereas they became reactive at 600 °C for fragmentation and completely gasify at 900 °C.
3) Most gas/tar formations from the cellulosederived volatiles are explained by the fragmentation reactions of gaseous LG, except for some minor reactions originating from the molten-phase primary pyrolysis, which produces benzene and furans along with AGF. 4) Oxygen accelerates the fragmentation of the volatile intermediates, and cellulose was completely gasified at 600 °C with reducing benzene and hydro- carbon gas productions. A biradical mechanism involving oxygen explains these results, because this promotes radical chain reactions and adds to the multiple bonds of benzene and unsaturated hydrocarbon gases.
5) The greater acceleration effects of oxygen for cellulose than LG indicate synergetic effects of oxygen and cellulose-derived volatiles.
6) The final tar compositions depend on the pyrolysis environment: benzene and smaller amounts of ketene and acetic acid under N 2 , and methanol and smaller amounts of acetic acid and acetone under 7% O 2 /N 2 .
